electrodes for the future energy storage devices.
Introduction
Along with the depleting fossil fuel and the increasing ecological challenges, high-performance energy storage devices, such as Li-ion batteries (LIBs), and metal-air batteries (MABs), are widely researched. 1, 2 Recently, supercapacitors (SCs) have attracted intense attention because of their excellent cyclic stability, rapid recharging properties and high safety compared with the LIBs, MABs and other commercial batteries. [3] [4] [5] Generally, there are two kinds of SCs based on different charge storage mechanisms, faradaic supercapacitors and electrical double layer capacitors (EDLCs). [6] [7] [8] [9] EDLCs mainly use carbonaceous materials (graphene, 10 carbon nanotubes, 11 porous carbon, 12 etc.) as electrodes which exhibit good cycling stability, but are usually limited by low energy density. Compared with carbonaceous materials, metal oxide electrodes (Ni, 13 Co, 14 Mn, 15 Zn, 16 etc.) produce faradaic pseudo-capacitances and offer considerable potential due to their higher theoretical capacities based on the redox reactions. [17] [18] [19] [20] [21] However, metal oxide electrodes pose other challenges due to their usually poor intrinsic conductivity and unstable electrochemical performance. 22 Developing new materials for SCs with optimal architecture to meet high demands of energy storage devices is therefore extremely important.
Recently, transition metal sulfides have emerged as promising materials for SCs benefiting from their high intrinsic conductivity and electrochemical activity. [23] [24] [25] Particularly, bimetallic sulfides such as MCo 2 S 4 (M = Cu 26 , Ni 27 , Zn 28 , etc.) exhibit higher specific capacitances and higher electrochemical activity compared with monometallic sulfides. This is mostly attributed to the availability of several oxidation states leading to reinforced synergic effect. [29] [30] [31] [32] One example of such sulfide material, FeCo 2 S 4 (M=Fe) has been reported as the SC electrode material due to the multiple valences of Fe versus Ni in the electrochemical reactions. [29] [30] [31] However, further enhancing the cycling life of bimetallic sulfides without compromising the electrochemical activity is a pressing issue.
It seems that hybrid architectures that combine sulfides with metal hydroxides is a way to solve effectively this problem. 33 Ni(OH) 2 which has a high specific capacitance can form multiple morphologies and easily be brought to wrap other materials, making it an excellent choice for SC electrode applications. 34 Porous structures of bimetallic sulfides combined with deformable Ni(OH) 2 can therefore be designed to meet the high-performance indicators of SCs. 34, 35 However, controlling the heterogeneous growth process of the hydroxides and bimetallic sulfides is a challenge because of the distinctly different structures. 33 To the best of our knowledge, 
Materials Characterization
The morphologies of the synthesized samples were characterized using scanning electron microscopy (SEM, HITACHI SU-70, FEI QUANTA FEG 250), and transmission electron microscopy (TEM, Tecnai G2 T20). The X-ray diffraction (XRD) patterns were determined using Miniflex 600. X-ray photoelectron spectroscopic (XPS) was carried out to analyze the elemental valence in a Thermo-Scientific system (Al-Kα radiation). The N 2 sorption isotherms were tested using Micromeritics ASAP 2020 at 77 K and calculated based on the BET method.
Electrochemical Measurements
The electrochemical tests were carried out in 6M KOH aqueous solution using CHI 660E electrochemical workstation (Shanghai, China). In a typical three-electrode system, the FeCo 2 S 4 @Ni(OH) 2 was the working electrode, a saturated calomel electrode worked as the reference electrode and a platinum plate was used as the counter electrode. Cyclic voltammetry (CV) tests were recorded from -0.2 to 0.8 V and galvanostatic charge/discharge (GCD) tests measured from 0 to 0.45 V. The values of the specific areal capacitances (C a ) and the specific gravimetric capacitances (C g ) were calculated as follows:
in which I represents the current, ∆t is the discharge time, S is the electrode area, ∆V is the voltage change excluding the IR drop in the discharge curves, and m is the mass of the active material. Electric impedance spectroscopy (EIS) was tested from 100 kHz to 0.1 Hz with an AC amplitude of 5 mV. The cycling stability was measured on a LANHE Battery Test System (Wuhan LAND electronics, China).
Assembly of all-solid-state asymmetric supercapacitors (ASCs)
The ASC devices were fabricated using FeCo 2 S 4 @Ni(OH) 2 or FeCo 2 S 4 as positive electrodes and rGO as negative electrodes, respectively. Polyvinyl alcohol (PVA)/KOH gel was the solid electrolyte and laboratory filter paper was the separator.
The solid electrolyte was prepared by heating 10 mL DI water containing 1 g PVA and 1 g KOH to 95 °C for 2 h under continuous stirring. The gel was coated onto the two electrodes and the separator and then assembled into one single ASC device with the polyester tape (PET) as outer packing. Considering the different charge storage performance of the two electrodes in ASCs, the mass ratio was determined as:
in which m + and m -are the mass of active materials of the positive and negative electrodes respectively, ∆V + and ∆V -are the operating potential ranges of the positive and negative electrodes respectively. The energy density (E) and power density (P)
were calculated as follows:
where C, ∆V, and ∆t were all the corresponding parameters of ASC devices.
Results and Discussion
The fabrication of porous FeCo 2 S 4 @Ni(OH) 2 self-supported electrode is briefly illustrated in Fig. 1 . In the first step, the metal ions in the solution combine with the OH -group to form Fe-Co precursor nanoparticles during the hydrothermal process.
The nanoparticles can adhere to the surface of the nickel foam, and serve as crystal nuclei grown further into two-dimensional nanosheets. 38 Next, Fe-Co precursors are transformed to FeCo 2 S 4 via the hydrothermal sulfurization. 39 Finally, the Ni 2+ reacted with OH -groups to form nuclei and grew into nanosheets on the FeCo 2 S 4 layer on spontaneous oriented attachment. 40 In this way a distinctive layer-by-layer structure was synthesized successfully via a self-assembly process.
The surface morphologies of the as-synthesized materials were analyzed by SEM.
The ultrasmall nanosheets of FeCo 2 S 4 are seen to have grown uniformly on Ni foam (Fig. 2a) . The average length of the nanosheets is about 200 nm (Fig. 2b) . The densely interlaced FeCo 2 S 4 nanosheets assemble into 3D regular arrays which maintain the structure of the Fe-Co precursors (Fig. S1 , Supporting Information).
By varying the hydrothermal reaction time (i.e. 3, 6, and 9 hours), Ni(OH) 2 was synthesized with morphologies shown in Fig. S2 (Supporting Information), followed by detailed analyses. FeCo 2 S 4 @Ni(OH) 2 with growth time of 6 h shows more uniform structures than that of 3 h and 9 h. Moreover, the electrode with the growth time of 6 h exhibits better electrochemical performances as well. We will therefore discuss in detail the samples with growth time of 6 h. (103) and (111) , if the difference is 9-10 eV,. 43, 44 Herein, the energy gap is about 9 eV, indicating that the main cation is Co
3+
. The S 2p spectrum (Fig. 4e) was fitted with two peaks at 161.7 and 162.7 eV indexed to S 2p 2/3 and S 2p 1/2 , respectively, indicating the presence of S 2-species. 29 The 163.8 eV peak represents a bond between metal and sulfur (M-S) in ternary transition metal sulfides, 29, 31, 45 while the peak at 168.9 eV is a satellite peak. The Ni 2p spectrum (Fig. 4f) The electrochemical performance of the synthesized electrodes was tested by a three-electrode system. The materials used in this work (except for the rGO material)
were all grown on nickel foam that can be directly used as electrodes. The pure nickel foam gives very small currents compared with the prepared active materials (Fig. S8 , Supporting Information), so the capacitance of the nickel foam is negligible. 48 CV and GCD curves of Ni(OH) 2 samples with different growth time were also recorded to further study their effects on electrochemical performance, which are shown in Fig. and NiCo 2 S 4 have much in common. 30 And the electrochemical mechanism of Ni(OH) 2 to store charges can be attributed to the generation of NiOOH. 50 The faradaic redox reactions of the hybrid electrode can be expressed as: 30 Moreover, when the scan rate increases, the oxidation and reduction peaks are shifted in the direction of higher and lower potentials respectively, which is related to the internal resistance. 53 The The cyclic stability is a significant indicator to evaluate SCs. FeCo 2 S 4 @Ni(OH) 2 and FeCo 2 S 4 electrodes were tested through continuous GCD cycling, Fig. 5f . These two electrodes show outstanding cyclic performances as the loss of capacity is less than 10% even after 5000 cycles. However, the retention rate of the FeCo 2 S 4 @Ni(OH) 2 electrode is 95.7% which is higher than that of FeCo 2 S 4 (90.2%),
S9 (Supporting Information
indicating improved cycling stability after the growth of Ni(OH) 2 . The capacitance of the FeCo 2 S 4 @Ni(OH) 2 electrode increased approximately 6% during the initial 700 cycles mainly because the activation of the layer-by-layer distributed materials is slower and the electrolyte needs sufficient time to permeate the FeCo 2 S 4 layer which is located below the Ni(OH) 2 layer, as reported. 33, 58 This phenomenon can also be observed for the pure FeCo 2 S 4 electrode but only in the first few cycles because the FeCo 2 S 4 nanosheets are activated in a shorter time and the electrolyte permeates faster.
The electrochemical performance of the FeCo 2 S 4 @Ni(OH) 2 electrode is overall much better compared with other reported bimetallic sulfides, iron-cobalt-based composites and nickel hydroxide hybrids (Table S1 , Supporting Information).
Moreover, the porous structure of FeCo 2 S 4 @Ni(OH) 2 hybrid shows no obvious change during cycling (Fig. S13a, Supporting Information) . The morphology after 5000 GCD cycles is also not much affected and maintained well. The XRD pattern shows that the crystalline structure of FeCo 2 S 4 @Ni(OH) 2 is still retained only with the reduced peak intensities because of the electrochemical oxidation in the cycling tests, 59 Fig. S13b (Supporting Information). The Ni(OH) 2 layer plays a buffer role during the charging and discharging process. As a result, the cycle stability of the hybrid electrode is improved. (Fig. 6f) . The capacitance decreases because of the redox reactions are inadequate at high current densities. 28 Ragone plots (Fig. 6g) 
